Purpose The Recurrence Score test is validated to predict benefit of adjuvant chemotherapy. TransNEOS, a translational study of New Primary Endocrine-therapy Origination Study (NEOS), evaluated whether Recurrence Score results can predict clinical response to neoadjuvant letrozole. Methods NEOS is a phase 3 clinical trial of hormonal therapy ± adjuvant chemotherapy for postmenopausal patients with ER+, HER2-negative, clinically node-negative breast cancer, after six months of neoadjuvant letrozole and breast surgery. TransNEOS patients had tumors ≥ 2 cm and archived core-biopsy samples taken before neoadjuvant letrozole and subsequently sent for Recurrence Score testing. The primary endpoint was to evaluate clinical (complete or partial) response to neoadjuvant letrozole for RS < 18 versus RS ≥ 31. Secondary endpoints included evaluation of clinical response and rate of breast-conserving surgery (BCS) by continuous Recurrence Score result, ESR1 and PGR single-gene scores, and ER genegroup score. Results Of 295 TransNEOS patients (median age 63 years; median tumor size 25 mm; 66% grade 1), 53.2% had RS < 18, 28.5% had RS18-30, and 18.3% had RS ≥ 31. Clinical response rates were 54% (RS < 18), 42% (RS18-30), and 22% (RS ≥ 31). A higher proportion of patients with RS < 18 had clinical responses (p < 0.001 vs. RS ≥ 31). In multivariable analyses, continuous Recurrence Score result (p < 0.001), ESR1 score (p = 0.049), PGR score (p < 0.001), and ER gene-group score (p < 0.001) were associated with clinical response. Recurrence Score group was significantly associated with rate of BCS after neoadjuvant treatment (RS < 18 vs. RS ≥ 31, p = 0.010). Conclusion The Recurrence Score test is validated to predict clinical response to neoadjuvant letrozole in postmenopausal patients with ER+, HER2-negative, clinically node-negative breast cancer.
Introduction
Neoadjuvant therapy for locally advanced breast cancer has the potential to improve rates of breast-conserving surgery (BCS), permit the assessment of patients' primary tumor response to systemic therapy, and reduce rates of distant metastases by as much as that observed with adjuvant approaches [1] [2] [3] [4] [5] [6] . Clinical and pathological complete responses (CR) to neoadjuvant therapy are associated with improved clinical outcomes, and both are considered to be valid surrogates of clinical outcomes for some types of breast cancer [1, 6, 7] .
Previous studies have demonstrated higher rates of clinical and pathological CR to neoadjuvant chemotherapy in high-grade tumors and tumors with higher levels of Ki-67 protein expression, but lower rates of response in tumors positive for estrogen receptor (ER) protein expression [7] [8] [9] . Historically, neoadjuvant hormonal therapy was reserved only for patients who were not candidates for neoadjuvant chemotherapy or surgery. Studies conducted since 2001, however, have demonstrated that neoadjuvant hormonal therapy can yield clinically meaningful response rates in more general populations of patients with ER + breast cancer [10] [11] [12] [13] [14] [15] [16] . Therefore, many patients with locally advanced ER + breast cancer may be considered for neoadjuvant hormonal therapy, as a viable means to achieve clinical response and improve rates of BCS [12] [13] [14] [15] [16] [17] [18] [19] . As in the adjuvant setting, however, response to neoadjuvant hormonal therapy can vary across patients with ER + breast cancer [20] . Thus, the capacity to select patients who are more likely to benefit from neoadjuvant hormonal therapy would represent an advance in the clinical management of breast cancer.
The Oncotype DX Breast Recurrence Score® test is a validated clinical tool that predicts benefit of adjuvant chemotherapy in patients with ER+, HER2-negative, node-negative [21] [22] [23] [24] [25] , and node-positive [24, 26] early breast cancer who receive five years of hormonal therapy. In addition, the Recurrence Score test is validated to predict distant recurrence in patients treated with adjuvant hormonal therapy. The clinical validation study used samples from the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-14 trial to show that the Recurrence Score® (RS) results quantified the likelihood of distant recurrence in patients with node-negative, ER + breast cancer who received tamoxifen [21] .
Previous studies suggested that the Recurrence Score test might be useful in the neoadjuvant setting. Studies have demonstrated a relationship between the Recurrence Score result and response to neoadjuvant chemotherapy, with clinical or pathological CR more likely achieved in patients with higher Recurrence Score results [27] [28] [29] [30] [31] [32] [33] . Other studies have shown a correlation between low Recurrence Score results (RS < 18) and greater likelihood of response to neoadjuvant hormonal therapy [34, 35] . In one study of 43 postmenopausal women with ER+, progesterone receptor-positive (PgR+) breast cancer who received neoadjuvant tamoxifen or anastrozole for four months, the rate of clinical response [CR + PR (partial response)] was 64%, 31%, and 31% for patients with RS < 18, RS18-30, and RS ≥ 31, respectively [34] . In another study of 64 women with ER + breast cancer who received 16-24 weeks of neoadjuvant exemestane, the rate of clinical response was 59% for patients with RS < 18 and 20% for patients with RS ≥ 31 (p = 0.015). Rates of BCS were 91% with RS < 18 and 47% with RS ≥ 31 (p = 0.003) [35] . Together, these study findings suggest that the Recurrence Score test could have utility in selecting patients for appropriate neoadjuvant therapy.
The New Primary Endocrine-Therapy Origination Study (NEOS), a phase 3 trial initiated in 2008, evaluated diseasefree survival of postmenopausal patients with ER+, HER2-negative, node-negative, non-metastatic primary breast cancer who were randomized to adjuvant hormonal therapy with or without chemotherapy based on clinical response (CR, PR, or stable disease [SD]) to 24-28 weeks of neoadjuvant letrozole treatment. Surgery was performed before initiation of specified adjuvant treatment (Supplemental Fig. 1 ) [36] . Herein we report the findings of TransNEOS, a translational study of NEOS that was prospectively designed to evaluate the utility of the Recurrence Score test to predict clinical response to neoadjuvant hormonal therapy and successful BCS in postmenopausal women with ER+, HER2-negative, clinically node-negative breast cancer.
Methods

Study patients
Patients eligible for the TransNEOS study were previously enrolled in the parent NEOS study and were recruited from the 25 NEOS study centers with the highest patient enrollment. Eligible patients gave informed consent. They were postmenopausal women < 75 years of age with T1c-T2 (≥ 2 cm in the largest dimension, as measured by magnetic resonance imaging [MRI] and/or computed tomography scan), clinically node-negative, non-metastatic, ER+, HER2-negative invasive breast cancer who received neoadjuvant letrozole. Eligible patients had core-biopsy samples taken before neoadjuvant treatment that were later sent for Recurrence Score testing (Genomic Health, Inc., Redwood City, CA). Patients with no Recurrence Score results, no tumor block available, no or insufficient tumor in block as determined by a pathologist at Genomic Health in accordance with standard operating procedures, or insufficient or inadequate RNA for testing were excluded. Unique patient and specimen identifiers were assigned by the principal investigator and blinded to Genomic Health.
Study protocol
All patients included in the TransNEOS study received 24-28 weeks of neoadjuvant letrozole per the NEOS study protocol. Clinical response to neoadjuvant letrozole was assessed by mono-dimensional measurement of the largest diameter of the target tumor by MRI or computed tomography scan at baseline and at the conclusion of neoadjuvant treatment. Complete response (CR) was defined if the target tumor disappeared, partial response (PR) if the largest diameter of the target tumor was reduced by ≥ 30% from baseline, stable disease (SD) if the largest diameter of the target tumor was reduced by < 30% or increased by < 20% from baseline, and progressive disease (PD) if the largest diameter of the target tumor increased by ≥ 20% from baseline. Clinical response rate was defined as the sum of the rates of CR and PR. Recurrence Score testing was performed in a central laboratory (Genomic Health, Inc., Redwood City, CA) on RNA extracted from formalin-fixed paraffin-embedded core-biopsy samples, as previously described [21] [IHC] or Allred score), PgR (IHC or Allred score), and HER2 (IHC and/or fluorescent in situ hybridization), and central pathology determination of Ki-67 (IHC) were performed on all tumor samples using standard techniques. BCS candidacy before neoadjuvant treatment was determined by the treating surgeon. The study was reviewed and approved by each institution's review board and/or ethics committee.
Study endpoints
The primary endpoint was to compare the clinical response 
Statistical analysis
All analyses were prespecified and included patients with reportable values of the associated variables. All hypothesis tests were reported using two-sided p values, and p values < 0.05 were considered statistically significant. The clinical and pathological characteristics of the patients were reported descriptively. Continuous variables were summarized as mean (standard deviation) and/or median (range). Categorical variables were reported as numbers and proportions (percentage). A χ 2 test was used to determine if the proportion of patients with clinical response in the RS < 18 group was significantly higher than the proportion with clinical response in the RS ≥ 31 group. For small expected group counts, Fisher's exact test was used. A logistic regression model was used to describe the relationship between clinical response and the Recurrence Score result, the continuous ESR1 result by RT-PCR, the continuous PGR result by RT-PCR, the ER gene-group score, the proliferation gene-group score, and Ki-67 percent-staining. Single-gene and gene-group scores were standardized to represent the proportional increase in odds of one standard deviation. These analyses were performed with and without adjustment for clinical covariates. The Spearman correlation between Ki-67 percent-staining and Recurrence Score result (95% confidence interval [CI]), and between Ki-67 percent-staining and proliferation gene-group score (95% CI) were reported. The proportion of patients in the RS < 18, RS18-30, and RS ≥ 31 groups who were candidates for BCS before and who actually received BCS after neoadjuvant treatment, and who changed treatment from mastectomy to BCS before and after neoadjuvant treatment, was calculated. (Information about BCS candidacy after neoadjuvant treatment was not collected, only actual surgery received.) A logistic regression model was used to describe the relationship between Recurrence Score group and (a) changes in BCS candidacy before neoadjuvant treatment; and (b) BCS received after 1 3 neoadjuvant treatment. A logistic regression model was used to describe the relationship between the rate of BCS after neoadjuvant treatment and (a) continuous ESR1 result by RT-PCR; (b) continuous PGR result by RT-PCR; and (c) continuous ER gene-group score by RT-PCR. These analyses were performed with and without adjustment for clinical covariates. As ESR1 and PGR are components of the Recurrence Score result, each variable was considered in separate models to avoid issues with collinearity. All analyses were performed in SAS 9.4 (SAS Institute Inc., Cary, NC).
Results
Characteristics of the patients
In total, 333 core-biopsy samples were submitted for Recurrence Score testing. Of these, 38 samples were excluded for reasons of insufficient RNA or sample quality (n = 18), incorrect tumor type or insufficient tumor (n = 10), specimen failure (n = 6), and clinical ineligibility (n = 4) (Fig. 1) . Characteristics of the TransNEOS study cohort (N = 295) are summarized in Table 1 . Median Recurrence Score result was RS17 (range RS0-68); 157 (53.2%) had RS < 18, 84 (28.5%) had RS18-30, and 54 (18.3%) had RS ≥ 31.
Clinical response to neoadjuvant letrozole by Recurrence Score group
The prespecified primary endpoint was met: Recurrence Score group (RS < 18 vs. RS ≥ 31) was significantly associated with the rate of clinical response (χ 2 test, p < 0.001). Among patients with RS < 18, RS18-30, and RS ≥ 31, rate of clinical response was 55%, 42%, and 22%, respectively. With the RS18-30 group included, Recurrence Score group remained significantly associated with the rate of clinical response (Cochran-Armitage trend test, p < 0.001). At < 1%, patients with RS < 18 had the lowest rate of PD, compared with patients with RS18-30 (4% PD) and RS ≥ 31 (17% PD) (Fisher's exact test, p < 0.001; Fig. 2 ).
Univariable analysis of clinical response to neoadjuvant letrozole
Univariable logistic regression analysis showed that continuous Recurrence Score result (p < 0.001), ESR1 result by RT-PCR (p = 0.019), PGR result by RT-PCR (p < 0.001), and ER gene-group score (p < 0.001) were significant predictors of clinical response to neoadjuvant letrozole (Supplemental Table 1 ). Neither the proliferation gene-group score nor Ki-67 percent-staining by IHC predicted clinical response (Supplemental Table 1 ).
Multivariable analysis of clinical response to neoadjuvant letrozole, controlling for clinical factors
In a multivariable logistic regression model, the continuous Recurrence Score result remained a significant predictor of clinical response after controlling for patient age, tumor size, and tumor grade (Table 2) ; odds ratio (95% CI) was 0.06 (0.02 to 0.18) (profile likelihood test, p < 0.001). Because ESR1 by RT-PCR, PGR by RT-PCR, and ER gene-group score represent single-variable (individual) components of the Recurrence Score algorithm, each was considered individually in separate multivariable analyses (Table 3 ). In separate multivariable models controlling for age, tumor size, and tumor grade, ESR1 by RT-PCR, PGR by RT-PCR, and ER gene-group score were significant predictors of clinical response. Both PGR by RT-PCR and ER gene-group score were stronger predictors of clinical response than ESR1 by RT-PCR (Table 3) . 
Association of Recurrence Score Group With BCS candidacy before and rate of BCS after neoadjuvant letrozole
Patients in the RS < 18 group were more likely than patients in the RS ≥ 31 group to convert from BCS noncandidates to BCS recipients following neoadjuvant letrozole. Recurrence Score group was not associated with BCS candidacy before treatment (p = 0.878; Table 4 ). After neoadjuvant letrozole treatment, however, Recurrence Score group was significantly associated with BCS received (p = 0.009). Among patients with RS < 18 and both pre-and post-treatment data available, pre-treatment surgery recommendation significantly differed from posttreatment surgery received (McNemar's test p < 0.001), whereas there was no significant change among patients with RS ≥ 31 (p = 0.075; Supplemental Table 2 ).
Discussion
We report the findings of TransNEOS, the largest study to date to evaluate the relationship between Recurrence Score results and clinical response to neoadjuvant hormonal therapy. Recurrence Score group was shown to be significantly associated with clinical response to neoadjuvant letrozole, meeting the prespecified primary endpoint of the study. Among patients with large tumors (≥ 2 cm), 54% of those with RS < 18 achieved CR or PR with neoadjuvant letrozole, and 79% were BCS recipients, including many who were BCS noncandidates before neoadjuvant treatment. In contrast, patients with RS ≥ 31 had a higher rate of PD with neoadjuvant letrozole. (Patients in TransNEOS with PD on neoadjuvant letrozole were discontinued and subsequently received chemotherapy of physician's choice, either before or after surgery.) Multivariable analyses showed that [27] [28] [29] [30] [31] [32] [33] . In the Pivot and Yardley studies of neoadjuvant chemotherapy, the rate of pathologic CR was 26% (p = 0.02) and 30% (p = 0.002), respectively, among patients with RS ≥ 31 but 0% among patients with RS < 18 [30, 31] . Recently, Bear and colleagues assessed the feasibility of using Recurrence Score results to guide neoadjuvant systemic therapy [27] . Patients with large (≥ 2 cm) HR+, HER2-negative breast cancers who were BCS noncandidates were assigned neoadjuvant therapy based on Recurrence Score results: RS < 11 received hormonal therapy, RS ≥ 26 received chemotherapy, and RS11-25 were randomized to hormonal therapy or chemotherapy. Rates of clinical response (CR + PR) were significantly associated with Recurrence Score group (p = 0.049): 83% for RS < 11 (hormonal therapy alone), 50% for RS11-25 (hormonal therapy), 73% for RS11-25 (chemotherapy), and 93% for RS ≥ 26 (chemotherapy). Rates of successful BCS after neoadjuvant systemic therapy were not significantly different across Recurrence Score groups: 75% for RS < 11, 72% for RS11-25 (hormonal therapy), 64% for RS11-25 (chemotherapy), and 57% for RS ≥ 26 [27] . Previously published data on the Recurrence Score test in neoadjuvant chemotherapy studies [27] [28] [29] [30] [31] [32] [33] coupled with our findings support the clinical validity of the Recurrence Score test to guide neoadjuvant treatment selection of hormonal therapy or chemotherapy in postmenopausal patients with locally advanced HR + breast cancer to maximize clinical response and likelihood of BCS.
The Recurrence Score test has been repeatedly validated to predict adjuvant chemotherapy benefit [21] [22] [23] [24] [25] [26] . Notably, the TAILORx (Trial Assigning IndividuaLized Options for Treatment) confirmed in the largest-ever prospective, phase 3, randomized, controlled trial in breast cancer the prognostic and predictive utility of the Recurrence Score test for node-negative breast cancer in the adjuvant setting [25] . Now the test is also validated to predict response to neoadjuvant hormonal therapy, thus demonstrating consistency in the capacity of the Recurrence Score test to guide systemic treatment decisions in both the neoadjuvant and adjuvant settings. A recent meta-analysis showed that 15-year rates of distant recurrence and breast cancer-specific mortality, but not local recurrence, were comparable between patients who received chemotherapy in the neoadjuvant vs. adjuvant setting [37] . Therefore, the ability of clinicians to assess tumor biology earlier, at the time of core-biopsy sampling, may allow optimization of subsequent systemic treatment decisions. Along these lines, our study demonstrates the feasibility of performing Recurrence Score testing in core-biopsy samples and contributes to a body of evidence showing the practicality of using such specimens for testing [27, 31, 38, 39] . In TransNEOS, 38 of 333 (11.4%) samples were excluded from the analysis, including 34 (10.2%) for specimen-related reasons. This exclusion rate is similar to the 8.8% specimen-related failure rate observed in an analysis of core-biopsy samples tested in routine practice [38] . Use of core-biopsy samples for Recurrence Score testing may shorten the time to treatment decisions. In a recent study of early guideline-directed Recurrence Score testing, 94% of samples tested were core biopsies. Median time to treatment decision was shortened from 32 to 20 days (p < 0.001) [39] . As such, the feasibility of Recurrence Score testing on core-biopsy samples has the potential to minimize the lag between diagnosis and treatment initiation, although further studies are needed to determine the effect of this on clinical outcomes. Our findings warrant further investigation of the Recurrence Score results in the neoadjuvant setting to address potential limitations. First, TransNEOS was a prospectively designed study of archived tumor samples. Bear and colleagues have already demonstrated the feasibility of using Recurrence Score results to assign neoadjuvant treatment in a prospective manner [27] . Second, the TransNEOS cohort was constrained geographically, which carries implications for the generalizability of the findings, with respect to racial/ ethnic diversity of the patient population and country-specific clinical best practices. Third, patients were selected from the 25 highest enrolling centers only. Fourth, this study did not collect information on BCS candidacy after ) showed that patients ≤ 50 years and RS < 11 or RS11-15 had good outcomes with endocrine therapy alone [25] . This suggests that the genomic information provided by Recurrence Score test might have utility in guiding treatment decisions in premenopausal women who are candidates for neoadjuvant therapies. Further investigations would be needed to conclude definitively.
In conclusion, TransNEOS validates the Recurrence Score result as a significant predictor of clinical response to neoadjuvant letrozole in postmenopausal women with ER+, HER2-negative, clinically node-negative breast cancer. Additional analyses may be conducted to examine the relationship between the Recurrence Score results and clinical outcomes once the parent NEOS study results become available.
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